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                    Summary 
 
Oxide films display a wide range of functionality and attracted great research 
interests due to their great application in many field such as high-k dielectric materials in 
semiconductor industry and high-density magnetic recording media in hard disk 
industry.  
 
However, the growth of high quality oxide films on silicon is difficult because of 
interfacial chemical diffusion and large lattice mismatch. In this thesis, we firstly chose 
MgO films for fabrication, which has a suitable host lattice for a variety of spinel ferrite 
and perovskite oxide materials. Then, with the help of the MgO buffer layer, we 
successfully fabricated (100)-textured CoFe2O4 films on silicon with large magnetic 
anisotropy for future application. In addition, we also obtained Ba-doped multiferroic 
BiFeO3 thin films of high quality on silicon substrates with Pt buffer layer. Pulsed laser 
deposition (PLD) was used as the main fabrication method for growing our oxide films 
above, mainly due to its high deposition efficiency as well as excellent control over the 
stiochiometry of the deposited films. We focused our research on investigating the effect 
of our growth conditions on the crystal structure and microstructure of our oxide films. 
Also the correlations between the structure and performance properties of these oxide 
films were studied further.  
 
Firstly, selective growth of single-oriented (220), (200) and (111) MgO film on Si 
(100) substrates without buffer layers were obtained with single crystal MgO target by 
 vi
pulsed laser deposition. All films are very smooth and free of droplets, especially the 
surface of (220) and (200) oriented MgO film are atomic-scale smooth. Various growth 
conditions for MgO film were studied here. It was found that the orientation of the films 
is mainly determined by substrate temperature. High resolution transmission electron 
microscopy (HRTEM) was used to analyze the interfaces between MgO and Si under 
various conditions. The grow mechanism and SiO2 effect on MgO growth were studied 
systematically at atomic level.  
 
Then, with the aid of MgO buffer layers, (100)-textured CoFe2O4 films with 
large magnetic anisotropy were obtained by pulse laser deposition (PLD) on Si (100) 
substrates. Transmission electron microscopy study revealed the columnar structure of 
these CoFe2O4 films and confirmed their (100) texture. Magnetic properties of these 
films were investigated as the function of substrate temperature and film thickness. A 
perpendicular coercivity as high as 7.8 kOe was achieved in the CoFe2O4 film deposited 
at 700 °C, with a thickness of 50 nm and a grain size of 30 nm. The high coercivity 
mechanism is possibly associated with the magnetocrystalline anisotropy, the column 
shaped structure, and the appropriate grain size approaching the single domain critical 
value. 
 
In addition, we also obtained Ba-doped multiferroic BiFeO3 thin films on 
Pt/TiO2/SiO2/Si(1 0 0) substrates by pulsed laser deposition. X-ray diffraction showed 
that the Bi0.75Ba0.25FeO3 thin film was single phase with (1 0 1) preferential 
 vii
polycrystalline orientation. Both ferroelectricity and ferromagnetism of these films were 
observed at room temperature by P–E and M–H loop measurements, respectively. The 
magnetoelectric coupling effect was demonstrated by measuring the dielectric constant 
in a varying magnetic field. The dielectric constants measured at 10 kHz increased with 
an increase in the applied magnetic field, giving a coupling coefficient (εr(H) − 
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Chapter 1      Introduction 
1.1 The application of oxide film  
Within the class of inorganic materials, oxides may have the most diverse range of 
functions. The interaction between localized and itinerant character can yield metal oxide 
materials which have multiple electronic properties. Closed shell compounds, such as Al2O3 
and MgO, are insulators with large band gaps. When doped with rare earth or transition 
metal cations, these insulators can serve as effective host materials with efficient 
luminescence. Some closed-shell oxides based on cations have relatively high 
electronegativity, such as in ZnO and SnO2. The more covalent nature of bonding yields 
semiconductors with high carrier mobilities. Electronic oxides containing transition metal 
cations can yield high conductivity metals, such as SrRuO3, or even superconductors, such 
as YBa2Cu3O7. Collective phenomenon involving electric dipole interactions in insulators 
yields ferroelectrics such as BaTiO3. Unpaired electron spin in some oxides results in 
ferromagnetism, as in CrO2, or ferrimagnetism, as in Fe3O4. In addition, metal–insulator 
transitions exist in many oxides, which are dependent on temperature (V2O3), magnetic field 
((La,Sr)MnO3), or pressure (NiO). Recently, great efforts have been taken on the 
application of multiferroic materials in which ferroelectric, ferromagnetic and even 
ferroelastic orders coexist in a single phase in a material. Until now, the most widely studied 
multiferroic materials are YMnO3, BiMnO3 and BiFeO3(BFO). Several excellent reviews 
have been given to describe oxide properties [1–7]. With interests both in fundamental 
properties and the applications in reality, lots of efforts have been taken in the growth of 
epitaxial oxides films. While polycrystalline oxide films may have useful properties for 
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some applications and studies, the superior properties of highly crystalline epitaxial films 
are most attractive both from the view of applications and fundamental studies of material 
and surface properties. 
 
1.2 Some Material background of Magnetic oxides 
The range of oxide films is very large, while in this thesis we focused on magnetic 
oxide films. Here we will first give a brief introduction about the basic knowledge and their 
development on the magnetic oxide materials that we are going to talk about. 
 
1.2.1 Spinel Ferrite [8－11] 
Spinel Ferrites are a class of chemical compounds with the formula AB2O4, where A 
and B represent various metal cations, usually including iron. These ceramic materials are 
widely used in industrial products as biasing magnets or magnetic components in 
electromagnetic devices. 
Spinel Ferrite adopt a crystal motif consisting of cubic close-packed (FCC) oxides 
(O2-) with A cations occupying one eighth of the octahedral holes and B cations occupying 
half of the octahedral holes. The unit cell of spinel structure is illustrated in Figure 1.1. 
There are eight formula units per cubic unit cell, each of which consists of 32 anions and 24 
cations, for a total of 56 atoms. As a consequence, the spinel lattice parameters are large, for 
instance, CoFe2O4 a = 8.38 Å. 
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 Figure 1.1 schematic of the spinel structure, showing octahedral and tetrahedral 
sites occupied by A and B cations 
 
The 32 anions, i.e., O2-, are arranged in a face-centered cubic (f.c.c.) lattice. There 
are 64 tetrahedral interstices (A sites) that exist between the anions, 8 of them are occupied 
by cations. There are 32 octahedral interstices (B sites) between the anions, 16 cations 
occupy half of the sites. Full occupation of the tetrahedral (8a) sites with a divalent 
transition metal produces a normal spinel structure, while occupation of the octahedral (16d) 
sites with divalent transition metal ions yields an inverse spinel structure. Table 1.1 shows 
the site occupancy in the normal and inverse spinels. If divalent transition-metal ions are 







Table.1  Site occupancy in Normal and Inverse spinel
Site type Interstices 
(per unit cell) 
Number of  
Interstices 
occupied 







Tetrahedral (A) 64 8 8 M2+ 8M3+
Octahedral (B) 32 16 16 M3+ 8 M2+, 8M3+
 
Spinel Ferrites are usually non-conductive ferrimagnetic ceramic compounds derived 
from iron oxides such as  magnetite as well as oxides of other metals. In terms of the 
magnetic properties, ferrites are often classified as "soft" and "hard" which refers to their 
low or high coercitivity of their magnetism, respectively. In this thesis, we focused on a 
traditional hard ferrite, CoFe2O4. 
 
1.2.1.1 Cobalt ferrites (CoFe2O4) 
CoFe2O4 has an inverse spinel structure, with 8 Co2+ occupying half of the 
octahedral sites , 8 Fe3+ occupying the rest of octahedral , and the  8 Fe3+ in tetrahedral sites. 
Many factors have influence on the distribution of the cations on A and B sites, including 
the radii of the metal ions, electrostatic energies of the lattice, and the matching of the 
electronic configuration of the metal ions to the surrounding oxygen ions. The nearest 
neighbouring ions to those on the A sublattice are the ions on the B sublattice. 
 In Co-ferrite, complex forms of magnetic ordering can occur as a result of the crystal 
structure. One type of magnetic ordering is called ferrimagnetism, which was proposed by 
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Néel [12]. A simple representation of the magnetic spins in a ferri-magnetic oxide is shown 
here (Figure 1.2). 
 
    Represents oxygen, which separates two magnetic sublattices. 
                Represents the atomic spin. 
Figure 1.2  Ferrimagnetism. Antiparallel alignment of spins separated by the oxygen atoms. Arrow direction 
means the magnetization of individual spin.
 
Table.2 Structure and physical properties of CoFe2O4
Parameters Value 
Lattice Parameter a (Å) 8.38 
Space Group   Fd3m (227) 
Curie Temperature (oC) 520 
Saturation Magnetization (emu/cm3) 425 
Magnetocrystalline Anisotropy Constant 
3
2 × 106 erg/cm3
λ111 -590 × 10-6Magnetostriction 








Density (g/cm3) 5.29  
  
 Tables 1.2 give a short summary of some parameters of physical properties of 
CoFe2O4 bulk materials.  
 Among spinel ferrites, cobalt ferrite CoFe2O4 has attracted considerable attention 
due to their large magnetocrystalline anisotropy, high coercivity, moderate saturation 




Multiferroics are materials where two or more of the primary ferroic properties, i.e. 
ferroelectric, ferromagnetic, ferrotoroic, ferroelastic are united within one phase. Some 
materials having not ferromagnetic but antiferromagnetic or ferrimagnetic ordering are 
accepted as multiferroics as well [18-21]. 
Only a few single phase multiferroic materials exist. This is amongst other reasons due 
to the fact, that especially the classical ferroelectric perovskites (BaTiO3, PZT, etc), contain 
d ions with empty shells (e.g. Ti4+ is 3d0) and thus have no magnetic moment. Only  some 
orthorhombic manganites, like TbMnO3, and Bi-based perosvkites like BiFeO3 or BiMnO3 
are exceptions.  In addition, most multiferroics are antiferromagnetic or weak-ferromagnets, 
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except few material such as BiMnO3, which is one of the very few ferromagnetic and 
ferroelectric multiferroics.  
Multiferroics were obtained firstly in 1958, when magnetically active 3d ions were 
used to substitute ions with a noble gas shell in ferroelectrically distorted perovskite 
lattices[22,23]. Up to date more than 80 single-phase multiferroics were grown either as a 
discrete composition or as a solid solution. But only two of these, namely Fe3BB7O13Cl and 
Mn3B7B O13Cl, exist as natural crystals [22]. Nowadays multiferroics have aroused great 
interests with a focus on structure and materials science [25, 26], compounds [26, 27], phase 
diagrams [28], symmetries [29] and theory [22]. Currently multiferroics can be divided into 
four major crystallographic types: Compounds with perovskite structure; Compounds with 
hexagonal structure; Boracite compounds; BaMF4 compounds. Here in our thesis , we will 
focus on the compounds with perovskite structure, especially BiFeO3. 
The first known and some of the best studied multiferroics have the perovskite 
structure. Most of the compounds have either ABO3 or A2B’B’’O6 as the general chemical 
formula. The variety of existing compounds has been greatly increased by chemical 
substitution (mostly AB’1−xB’’xO3) [22,30]. Usually the unit cell of the multiferroic 
perovskites does not possess the ideal cubic point symmetry, m3m. Instead, it is slightly 
deformed, in the case of PbFe1/2Nb1/2O3, which is rhombohedrally distorted with 3m as 
point symmetry and a bonding angle of 89°54 instead of 90° [25]. One of the most 
extensively studied compound is BiFeO3, which is ferroelectric, ferroelastic and weakly 
ferromagnetic [28, 31]. It is rhombohedrally distorted with 3m as the crystallographic point 
symmetry. The most interesting thing in this compound is the high electric and magnetic 
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ordering temperatures of, respectively, ∼ 1100 and ∼ 650K [31, 32], which have also 
stimulated the growth of a large variety of solid solutions based on BiFeO3 [25]. 
Aside from these major types, a large number of multiferroics with different structures 
are known. Specific examples are discussed in the aforementioned review articles [22, 25, 
27]. A systematic classification of symmetries, related types of ferroic ordering and 
compounds can be found in [29]. 
 




The term ferromagnet was, historically, used for any material that could exhibit 
spontaneous magnetization: a net magnetic moment in the absence of an external magnetic 
field. This general definition is still in common use. More recently, however, different 
classes of spontaneous magnetisation have been identified when there is more than one 
magnetic ion per primitive cell of the material, leading to a stricter definition of 
"ferromagnetism" that is often used to distinguish it from ferrimagnetism. In particular, a 
material is "ferromagnetic" in this narrower sense only if all of its magnetic ions add a 
positive contribution to the net magnetization. If some of the magnetic ions subtract from 
the net magnetization (if they are partially anti-aligned), then the material is "ferrimagnetic". 
If the ions anti-align completely so as to have zero net magnetization, despite the magnetic 
ordering, then it is an antiferromagnet. All of these alignment effects only occur at 
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temperatures below a certain critical temperature, called the Curie temperature (for 
ferromagnets and ferrimagnets) or the Néel temperature (for antiferromagnets)[33-34]. 
 
Magnetic hysteresis
When an external magnetic field is applied to a ferromagnet, the atomic dipoles align 
themselves with the external field. Even when the external field is removed, part of the 
alignment will be retained: the material has become magnetized. 
The relationship between magnetic field strength (H) and magnetic flux density (B) is 
not linear in such materials. If the relationship between the two is plotted for increasing 
levels of field strength, it will follow a curve up to a point where further increases in 
magnetic field strength will result in no further change in flux density. This condition is 
called magnetic saturation. 
If the magnetic field is now reduced linearly, the plotted relationship will follow a 
different curve back towards zero field strength at which point it will be offset from the 
original curve by an amount called the remanent flux density or remanence. 
If this relationship is plotted for all strengths of applied magnetic field the result is a 
sort of S- shaped loop. The 'thickness' of the middle bit of the S describes the amount of 
hysteresis, related to the coercivity of the material. 
Its practical effects might be, for example, to cause a relay to be slow to release due to 
the remaining magnetic field continuing to attract the armature when the applied electric 








                          Magnetic field strength (H)  
Figure 1.3 Hysteresis loop: Magnetization (M) as function of magnetic field strength 
(H) 
This curve for a particular material influences the design of a magnetic circuit. 
This is also a very important effect in magnetic tape and other magnetic storage 
media like hard disks. In these materials it would seem obvious to have one polarity 
represent a bit, say north for 1 and south for 0. However, if you want to change the 
storage from one to the other, the hysteresis effect requires you to know what was already 
there, because the needed field will be different in each case. In order to avoid this 
problem, recording systems first overdrive the entire system into a known state using a 
process known as bias. Analog magnetic recording also uses this technique. Different 
materials require different biasing, which is why there is a selector for this on the front of 
most cassette recorders. 
 10
In order to minimize this effect and the energy losses associated with it, 
ferromagnetic substances with low coercivity and low hysteresis loss are used, like 
permalloy. In many applications small hysteresis loops are driven around points in the B-
H plane. Loops near the origin have a higher µ. The smaller loops the more they have a 




In materials science, the coercivity, also called the coercive field, of a ferromagnetic 
material is the intensity of the applied magnetic field required to reduce the 
magnetization of that material to zero after the magnetization of the sample has been 
driven to saturation. Coercivity is usually measured in oersted or ampere/meter units and 
is denoted HC. 
When the coercive field of a ferromagnet is large, the material is said to be a hard or 
permanent magnet. Permanent magnets find application in electric motors, magnetic 
recording media (e.g. hard drives, floppy disks, or magnetic tape) and magnetic 
separation. A ferromagnet with a low coercive field is said to be soft and may be used in 
microwave devices, magnetic shielding, transformers or recording heads [35-37]. 
Coercivity can be measured by using VSM (vibrating sample magnetometer). 
Typically the coercivity of a magnetic material is determined by measurement of the 
hysteresis loop or magnetization curve as illustrated in the Figure 1.4. The apparatus used 
to acquire the data is typically a vibrating-sample or alternating-gradient magnetometer. 
The applied field where the data (called a magnetization curve) crosses zero is the 
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coercivity. If an antiferromagnetic solid is present in the sample, the coercivities 
measured in increasing and decreasing fields may be unequal as a result of the exchange 
bias effect. 
 
Figure 1.4 Hysteresis loop with simple graphical analysis demonstrating the 
magnitude of the coercive field of a ferromagnet . 
 
1.3.2 Ferroelectricity 
In dielectric materials, the constituent atoms are considered to be ionized to a certain 
degree and are either positively or negatively charged. In such ionic crystals, when an 
electric field is applied, cations are attracted to the cathode and anions to the anode due to 
electrostatic interaction. The electron clouds also deform, causing electric dipoles. This 
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phenomenon is commonly known as electric polarization of the dielectrics. The 
polarization is expressed quantitatively as the sum of the electric dipoles per unit volume.  
Depending on the crystal structure, the centres of the positive and negative charges 
may not coincide even without the application of an external electric field. Such crystals 
are said to posses a spontaneous polarization. When the spontaneous polarization of a 
dielectric material can be reversed by an electric field, it is called ferroelectrics.  
In ferroelectric materials, the domain states differ in orientation of spontaneous 
electric polarization, and the ferroelectric character is established when it is evident that 
the states can be transformed from one to another by suitable application of electric field. 
The ability to re-orientate the domain state polarizations separates these materials from 
the larger class of pyroelectric crystals in the 10 polar-point symmetries. Saturated 
polarization (Ps), remnant polarization (Pr) and coercive field (Ec) are defined by 
analogy with corresponding magnetic quantities. A ferroelectric crystal would have a 
polarization loop as shown in Figure 1.5.  
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Figure 1.5 Polarization versus electric field loop. The solid line indicates a perfect 
ferroelectric crystal; the dashed line shows a typical ferroelectric material loop. 





1.4 Research Objectives and Scope of the thesis 
The main motivations of this project are to: 
1. Fabricate proper buffer layers on silicon for growth of high quality magnetic oxide 
film on silicon; study the growth mechanism of these buffer layers on silicon. 
2. Fabricate high quality magnetic oxide films on silicon and study the correlations 
between the microstructure and performance properties of these magnetic oxide films 
for future hard magnetic or multiferroic materials application  
 
The main objectives of this project are to: 
1. Obtain high quality MgO buffer layers on silicon with single orientation by the 
method of pulsed laser deposition (PLD); investigate the growth mechanism of high 
quality MgO films on silicon. 
2. Fabricate highly oriented CoFe2O4 films on silicon with the help of MgO buffer layer 
and try to obtain CoFe2O4 films with large magnetic anisotropy for future hard 
magnetic and multiferroic materials application; investigate the magnetic properties 
of these CoFe2O4 films and their relationship with the microstructure. 
3. Obtain high quality Ba-doped multiferroic BiFeO3 thin films on silicon with the Pt 
buffer by the method of PLD; investigate ferroelectric, ferromagnetic and 






 The scope of this thesis includes, to: 
Chapter 1 first provides the applications of oxide films (why we grow them); then 
introduce some material and physics background of magnetic oxide films we focused on. 
 
Chapter 2 presents an overview of various experimental technique and approaches to 
fabricate and characterize oxide films with a focus on the ones we used in our thesis (how 
we grow and identify their quality) 
 
Chapter 3 details the selective growth of single-oriented (220), (200) and (111) MgO film 
on Si (100) substrates by pulsed laser deposition; the effect of growth conditions on the 
crystal structure and microstructure of our MgO films were investigated systematically. 
 
Chapter 4 describes the fabrication procedure of highly (100)-oriented CoFe2O4 films on 
silicon with the help of MgO buffer layer; Magnetic properties and relative mechanism of 
these CoFe2O4 films were investigated. 
 
Chapter 5 studies the effect of temperature and oxygen pressure in the PLD process on 
the crystal structure and microstructure of the as-prepared Ba-doped BiFeO3 thin films; 
Ferroelectric, ferromagnetic properties and magnetoelectric effect were investigated 
systematically to check the quality of these films 
 
Chapter 6 presents conclusion of the whole thesis and some discussion of future works. 
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Chapter 2 Experimental methods 
2.1 Techniques for oxide film growth 
           The opportunities offered by oxide films in many applications have aroused great 
interests in exploring the techniques to fabricate them.  For the synthesis of oxide films of 
high quality, it is obligatory to control stringently the composition transfer during the 
deposition process, especially for multi-cation oxides with complex crystal structures. With 
the correct cation composition, the formation of a specific oxide phase still requires an 
optimization of both the temperature and the oxygen pressure. Interestingly, the growth 
conditions for epitaxial oxide films do not necessarily need to be consistent with the 
thermodynamic phase stability of the compound, since epitaxy can stabilize some phases 
outside of their thermodynamic stability range. Since the electronic properties of oxide films 
are significantly dependent on oxygen content, additional annealing of films at oxygen 
atmosphere after growth is often required. It is a key issue to control the film surface 
morphology for the synthesis of multilayer device structures, such as junction-based devices.  
Various film-growth techniques have been put forward for the epitaxial growth of 
oxide films. These include in situ film-growth techniques that have been successfully 
employed in the synthesis of epitaxial oxide materials include physical deposition 
techniques, such co-evaporation [1,2], molecular beam epitaxy (MBE) [3,4], pulsed-laser 
deposition (PLD) [5], and sputtering [6], as well as chemical vapor deposition(CVD). With 
physical deposition of oxides, the phase elements are delivered as a flux of individual atoms 
or simple oxide species. It is possible to realize atomic-level control of the film-growth 
process with most in situ growth approaches, thus contributing to the formation of novel 
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multilayer structures [7,8]. There are also other techniques that are useful in obtaining 
epitaxial oxide films such as liquid phase epitaxy [9] and solid phase epitaxy.  
Pulsed-laser deposition is the main method for our oxide film growth, and will be 
discussed in details within this thesis.  
 
2.1.1 Pulsed-laser deposition 
          One of the most significant approaches to oxide film growth is pulsed-laser deposition. 
Pulsed-laser deposition (PLD) is now a widely used deposition approach for film deposition, 
particularly in oxide film growth field. The first experiments in laser deposition were carried 
out in the 1960s, with limited efforts continuing into the 1970s and 1980s. It was not until 
PLD was popularized as an oxide film-growth technique through its success in obtaining 
epitaxial high temperature superconducting films that it began to spread widely [5].  
           In this technique, shown in Figure 2.1, We used a high energy KrF excimer laser 
(pulse duration 30 ns, wavelength 248 nm, Lambda Physik Lextra 200). The laser is first 
focused through a focusing lens outside the vacuum chamber. The target holder is 
customized such that it can hold up to 4 different targets inside the chamber. This would 
enable us to grow different thin film layers without breaking the vacuum by rotating the 
holder to the desired target. This would also save us a lot of time needed to change a target. 
The target rotates around its axis during deposition to minimize the large particulate 
splashing effect and to achieve a more uniform ablation of the target. The distance between 
the target and the sample is 3 to 5 cm. The chamber can be pumped down to a vacuum of 
around 1×10-6 mbar by a turbo molecular pump backed by a rotary pump.  
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 Figure 2.1 A schematic drawing of the pulsed laser deposition (PLD) system.  
 
           All substrates were first cleaned using nitric acid in an ultrasonic cleaner for 5 min to 
remove any natural oxide layer or oxide contaminant on the surface and subsequently 
cleaned with de-ionized water, acetone and ethanol. The cleaned substrates were always 
kept in alcohol to prevent re-oxidation or dust before being transferred to the vacuum 
chamber. The substrates were adhesively attached to sample holder (resistive heater) by 
applying a thin layer of silver paste. The temperature of the substrate was controlled by 
Eurotherm temperature controller. The temperature was gradually increased from room 
temperature to desired temperatures of 300°C to 700°C depending on the materials 
deposited. Ambient reactive oxygen gas was introduced into the chamber through a small 
nozzle located near the substrate. The flow rate and the pressure of the gas was controlled 
 22
through a series of gas valves, needle valves and block valves placed outside of the vacuum 
chamber. 
Pulsed-laser deposition has several attractive advantages, including stoichiometric 
transfer of material from the target, generation of energetic species, hyperthermal reaction 
between the ablated cations and molecular oxygen in the ablation plasma, and compatibility 
with background pressures ranging from UHV to 100 Pa [10].  Oxide films can be obtained 
with PLD by using single, stoichiometric targets of the material, or with multiple targets for 
each element. With PLD, the thickness distribution from a stationary plume is quite non-
uniform due to the highly forward-directed nature of the ablation plume. To first order, the 
distribution of material deposited from the ablation plume is symmetric with respect to the 
target surface normal, and can be described in terms of a cosn(θ) distribution, where n can 
vary from 4 to 30. The deposit from the ablation plume can also become asymmetric due to 
texturing of the ablated target surface, spatial inhomogenieties in the laser spot, and laser 
absorption by the plasma [11]. However, raster scanning of the ablation beam over the 
target or rotating the substrate can produce uniform film coverage over large areas. As with 
evaporation, the film-growth process can be controlled at the atomic level using PLD. 
Besides, epitaxial growth with deposition rates on the order of 100 Å/s has been 
demonstrated with this technique [12]. 
The specific processes of  PLD have been investigated for a number of systems 
using a variety of in situ and ex situ characterization instruments. One of the most important 
characteristics of PLD is the capacity to realize stoichiometric transfer of ablated material 
from multi-cation targets for many materials. This arises from the non-equilibrium nature of 
the ablation process itself due to absorption of high laser energy density by a small volume 
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of material. For low laser fluence and low absorption at the wavelength, the laser pulse 
would simply heat the target, with ejected flux due to thermal evaporation of target species. 
In this condition, the evaporative flux from a multi-component target would be determined 
by the vapor pressures of the constituents. When fluence is increased, an ablation threshold 
is reached where laser energy absorption is higher than that needed for evaporation. The 
ablation threshold is dependent on the absorption coefficient of the material, and is thus 
wavelength dependent. At still higher fluences, absorption by the ablated species happens, 
which results in the formation of a plasma at the target surface. With proper choice of 
ablation wavelength and absorbing target material, high energy densities are absorbed by a 
small volume of material, resulting in vaporization that is not dependent on the vapor 
pressures of the constituent cations or sub-oxides.                                         
Except for many advantages for oxide growth, PLD also has its limitations. A key 
problem in the application of pulsed-laser deposition in industry is in the small area 
substrates can be effectively coated within a reasonable time by PLD. The dynamics of the 
laser ablation process results in a highly focused plume of material ejected from the target. 
While this leads to deposition efficiency on the order of 70%, it also results in a significant 
variation in deposition rate over distances on the order of a few centimeter. For uniform film 
thickness over large areas, it is a great challenge to manipulate the plume-substrate 
positioning.  
 
2.1.2 Sputtering  
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In sputter deposition, energetic ions created by high voltage will form an rf or DC 
plasma bombarding a metal or oxide target surface. The ejected atoms from the target will 
subsequently deposit on a nearby substrate surface. Several sputter deposition techniques 
have been applied in the growth of oxide films including on-axis dc magnetron sputtering 
[13], ion-beam sputtering [14] and off-axis sputtering [15]. In an on-axis geometry, the 
substrate and target are facing each other. This is the optimal geometry for maximum 
deposition rate, but also can result in film damage due to the bombardment of the film 
surface with the species of high energy from the plasma. An alternative way is an off-axis 
geometry, in which the substrate surface is oriented perpendicular to surface of the sputter 
target. This method removes the film from the plasma bombarding region, eliminates sputter 
damage, and normally results in films with fewer defects. Unfortunately the off-axis 
approach also significantly reduces the growth rate that is the advantage of sputter 
deposition. One disadvantage with sputter deposition is that stoichiometric transfer of multi-
component material from the target is not necessarily due to differences in sputtering yields 
for different elements. This is often compensated for by using a non-stoichiometric target. 
 
2.2. Techniques for oxide film characterization 
2.2.1 X-ray diffractions (XRD) 
Two x-ray diffraction characterizations were carried out to determine the crystal 
structure and quality of the thin film deposited. Gonio (θ-2θ) scans were used to identify the 
crystalline phase and determine the out-of-plane crystal orientation of the deposited film; 
phi (φ) scans were used to determine the in-plane crystal orientation.  
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In Gonio scan, an x-ray beam was incident on sample with an angle to the normal of 
the film surface. The x-ray was then diffracted by the crystal lattice of the samples and the 
diffracted x-ray intensity was measured. A schematic diagram of the gonio scan is shown in 
Figure 2.2.  
 
 
Figure 2.2  X-ray diffraction (XRD) θ-2θ scan.  
 
Philips APD 1700 X-ray diffractometer with Cu Kα radiation was used for the gonio 
scans of the thin films. The films were first mounted onto a glass slide. The x-ray was 
produced by impinging a copper target with an electron beam of 30 kV with a current of 20 
mA. An incident slit of 1° and a receiving slit of 2 mm were used to ensure that the received 
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signals are the diffracted x-rays caming from only the samples. The parameters used for 
gonio scan were as follow:  
1) 2θ range: 20° to 60°  
2) Scan Step: 0.05°  
3) Collection time: 1 second per step  
The results were then compared to the standard powder diffraction file [16] and the 
publications in the open journals, for determination of the phase composition, crystal 
orientation and lattice parameters of the films deposited.  
Phi (φ) scan was carried out using a Bruker D8-ADVANCE XRD machine. The 
sample was mounted on stage that can be rotated along the axis normal to sample. The x-ray 
incident angle and the detector were fixed, and the sample was rotated along the normal axis 
of the film surface and the diffraction pattern was collected. The incident angle and detect 
angle were calculated based on the interested planes.  
 
2.2.2 Scanning electron microscope (SEM) and atomic force 
microscope (AFM)  
 
In order to investigate the morphology and microstructure of the ferroelectric films 
deposited, we employed field emission scanning electron microscope (FESEM) [17] and 
atomic force microscope (AFM).[18]  
SEM was used to examine the surface morphology and the cross-section profile.  In 
SEM characterization; electrons are extracted from a very fine tungsten tip by a high voltage 
of several thousands of voltage. The electrons are then focused through a series of magnetic 
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lenses onto samples. The bombardment of the electrons will cause backscattered electrons 
and secondary electrons to be emitted from sample surface. These backscattered and 
secondary electrons are collected and analyzed. Since the backscattered and secondary 
electrons collected usually come from the surface of films, the image formed would 
normally reflect the surface morphology of samples observed .  
SEM equipment used in this study is JSM-6700F by JEOL Ltd., Tokyo, Japan. It is 
equipped with a field emission electron gun of 5 kV to 20 kV and a current of 5 mA to 20 
mA, which can be selected depending on condition of the samples. Since MgO and 
ferroelectric materials are insulators, a very thin layer of gold or platinum was coated onto 
surface of the sample for better conduction of electrons before. The conductive coating 
prevents the build-up of electric charge on the sample to ensure the quality of SEM images.  
AFM technique is also widely used to characterize surface morphology of thin 
samples [19]. In AFM characterization, a very sharp probe, in our case which is made of 
silicon nitride, is positioned on the surface of sample. A constant force is then maintained 
between the probe and the sample surface while the probe is scanned across the sample 
surface. By monitoring the probe, a 3-dimensional image of the sample surface can be 
constructed. The constant force is maintained constant by measuring the level of the 
reflected laser from the probe with a “light lever” sensor. The signal is then fed into a 
feedback unit that controls the piezoelectric driver unit of the probe. The advantage of AFM 
over SEM is that the sample does not need to be conductive. However the resolution of the 
AFM highly depends on the surface roughness of the sample and the scanning areas of 
AFM are usually smaller compare to SEM.  
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There are two operation modes, contact and tapping mode that can be used for 
scanning the surface of samples. Contact mode means that the tip of probe is scanned at a 
near proximity of sample surface. The feedback systems of the AFM monitor the force 
between the tip and the sample and adjust the piezoelectric driving unit accordingly. The 
advantage of contact mode is that one can obtain a better contrast and closer morphology 
details of the sample surface. However since the tip is placed very close to the sample, there 
are possibilities for tip to pick up sample debris and to lose contact when the surface is too 
rough. In tapping mode, the tip is oscillated at a frequency near the resonance of the AFM 
probe. The tip is then placed at a much elevated position on top of the sample. The AFM 
feedback systems monitor the changes in the resonance frequency and adjust the position of 
the tip accordingly. The advantage of the tapping mode is that one can prevent any 
scratching of the sample and maintain contact with the sample even if the surface roughness 
is large.  
We used AFM to characterize the average surface roughness and the grain size 
distribution of our thin films. The AFM machine used in the present study is D3000 system 
manufactured by Digital Instruments.  
 
2.2.3 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is an imaging technique whereby a beam of 
electrons is transmitted through a specimen, then an image is formed, magnified and 
directed to appear either on a fluorescent screen or layer of photographic film, or to be 
detected by a sensor such as a CCD camera. The first practical transmission electron 
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microscope was built by Albert Prebus and James Hillier at the University of Toronto in 
1938 using concepts developed earlier by Max Knoll and Ernst Ruska. 
A "light source" at the top of the microscope emits the electrons that travel through 
vacuum in the column of the microscope. Instead of glass lenses focusing the light in the 
light microscope, the TEM uses electromagnetic lenses to focus the electrons into a very 
thin beam. The electron beam then travels through the specimen to be studied. Depending 
on the density of the material present, some of the electrons are scattered and disappear 
from the beam. At the bottom of the microscope the unscattered electrons hit a fluorescent 
screen, which gives rise to a "shadow image" of the specimen with its different parts 
displayed in varied darkness according to their density. The image can be studied directly 




2.2.4 Vibrating sample magnetometer (VSM) 
The vibrating sample magnetometer has become a widely used instrument for 
determining magnetic properties of a large variety of materials: diamagnetics, 
paramagnetics, ferromagnetics, ferrimagnetics and antiferromagnetics.  
It has a flexible design and combines high sensitivity with easy of sample mounting 
and exchange. Samples may be interchanged rapidly even at any operating temperature. 
Measurements of magnetic moments as small as 5x10-5 emu are possible in magnetic fields 
from zero to 9 Tesla (or higher). Maximum applied fields of 2-3 Tesla or 9 Tesla are 
reached using conventional laboratory electromagnets and superconducting solenoids, 
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respectively. Vibrating sample magnetometers normally operate over a temperature range of 
2.0 to 1050 K. Powders, bulk and thin films can be measured and studied. 
 
Principle  
If a sample of any material is placed in a uniform magnetic field, created between the 
poles of a electromagnet, a dipole moment will be induced. If the sample vibrates with 
sinusoidal motion a sinusoidal electrical signal can be induced in suitable placed pick-up 
coils. The signal has the same frequency of vibration and its amplitude will be proportional 
to the magnetic moment, amplitude, and relative position with respect to the pick-up coils 
system. 
The sample is fixed to a small sample holder located at the end of a sample rod 
mounted in an electromechanical transducer. The transducer is driven by a power amplifier 
which itself is driven by an oscillator at a frequency of 90 Hertz. So, the sample vibrates 
along the Z axis perpendicular to the magnetizing field. The latter induced a signal in the 
pick-up coil system that is fed to a differential amplifier. The output of the differential 
amplifier is subsequently fed into a tuned amplifier and an internal lock-in amplifier that 
receives a reference signal supplied by the oscillator. The output of this lock-in amplifier, or 
the output of the magnetometer itself, is a DC signal proportional to the magnetic moment 
of the sample being studied. The electromechanical transducer can move along X, Y and Z 
directions in order to find the saddle point (which calibration of the vibrating sample 
magnetometer is done by measuring the signal of a pure Ni standard of known the saturation 
magnetic moment placed in the saddle point.)  
Instrument 
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The basic instrument includes the electromechanical system and the electronic system 
(including a personal computer), while the consumer should select the electromagnet or 
superconducting coil system with the appropriate bipolar power supply. Laboratory 
electromagnets or superconducting coils of various maximum field strengths may be used. 
For ultra-high magnetic fields a cryogen-free magnets can be also used. For the 
characterization of soft magnetic materials a pair of Helmholtz coils may be also used. As 




Using a vibrating sample magnetometer one can measure the DC magnetic moment 
as a function of temperature, magnetic field, angle and time. So, it allows performing 
susceptibility and magnetization studies. Some of the most common measurements done are: 
hysteresis loops, susceptibility or saturation magnetization as a function of temperature 
(thermomagnetic analysis), magnetization curves as a function as a function of angle 
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Chapter 3  Growth studies of (220), (200) and 
(111) oriented MgO films on Si (001) without 




In compact and integrated devices, the growth of oxide materials on silicon substrate is 
of great importance since some oxide materials have a number of interesting properties, 
such as ferroelectricity, piezoelectricity and high-Tc superconductivity [1-3]. However, the 
growth of high quality oxides on silicon is difficult because of interfacial chemical diffusion 
and large lattice mismatch. Thus, an appropriate buffer layer between oxide film and Si 
substrate is usually needed.  MgO, which has a suitable host lattice for a variety of spinel 
ferrite and perovskite oxide materials [4], appears to be a good candidate since it has the 
desirable properties of low optical loss and dielectric constant, excellent high-temperature 
chemical stability as well as excellent thermal conductance and electrical insulating 
properties. Furthermore, the (100)-oriented MgO has a large lattice mismatch of about 9.5% 
with the (100)-oriented films of most perovskite oxides. This leads to a large strain in the 
perovskite oxide films, which can be used to improve the properties of the oxides and to 
study the stress effect in these oxides [5].  Recently, it seems that high quality MgO thin 
films are needed since they are used as candidate high-k dielectrics on Si [6] and tunnel 
barriers for magnetic tunnel junctions with giant tunneling magnetoresistance [7,8] .    
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In our present work here, three kinds of single-oriented MgO films were obtained on Si 
(100), and can be used as templates to grow perovskite oxides on silicon with different 
orientations. It is particularly useful to study the anisotropic effect in some of these oxides.  
Pulsed laser deposition (PLD) technique is a useful method to grow high quality MgO 
film on Si(100) and several types of targets have been selected for film deposition [9-12]. 
Single crystal targets have advantage over other types of targets. They create fewer droplets 
on films than other type of targets, especially metal targets, which is very important for 
buffer layer growth. Furthermore, single crystal targets may have slow ablating rate for 
films growth which will benefit the growth of high quality films. However, MgO is a wide 
band gap insulator and has low optical absorption which makes single crystals unattractive 
as ablation target [13]. So till now people only use metal Mg [9, 10] and ceramic MgO [11, 
12] as the target for MgO film growth in PLD experiments. In this work, we use single 
crystal MgO target for the first time to perform selective orientation growth of three single-
oriented MgO film on Si(100) by PLD. It was found that the high quality (100)-, (110)-, and 
(111)-oriented MgO films, which had much smoother surfaces than those obtained by other 
types of targets in PLD, could be grown directly on Si by using single crystal target; the 
orientation of the films can be controlled by substrate temperature, while ambient pressure 
and the etching condition of the Si substrates will affect the orientation of the films at low 
temperature. HRTEM was used to further analyze the interface structure and growth 
mechanism of these oriented MgO films. The effect of SiO2 on MgO growth were studied 




3.2 Experimental  
The MgO thin films were grown with single crystal MgO target by PLD. Details of our 
systems have been reported elsewhere [14, 15]. A KrF excimer laser (pulse duration 30 ns, 
wavelength 248 nm) was operated with an energy density of about 3 J/cm2 and laser 
repetition rate of 3 Hz on the target surface. The target-to-substrate distance was kept at 
about 33 mm. Before deposition, Si(100) substrates (10 × 10 × 0.5 mm3) were cleaned first 
by using acetone and ethanol in an ultrasonic cleaner. Then, in order to study the etching 
effect, two kinds of silicon wafers were used. One was Si(100) covered with native oxides 
without further etching. The other was Si(100) with surface oxides removed by immersing 
the wafer for 30s in a 1:20 solution of HF and H2O. Growth conditions were varied over a 
pressure range from a base pressure to 10−1 Torr, and temperatures ranging from 200 oC to 
700oC. The O2 gas was normally introduced into the preparation chamber with a delay time 
of 30s after the deposition of MgO films had started. The deposition time for all samples 
was 25 min, resulting in films of about 75 nm thickness. The orientation and crystalline 
quality of films were measured by the θ–2θ scans of X-ray diffraction (XRD). The 
morphology of the film surface was examined by atomic force microscopy (AFM) (Digital 
Instruments Model 3000). The cross sections of the films were analyzed by HRTEM 







3.3 Results and Discussion 
3.3.1. The effect of temperature and oxygen pressure on Crystal 
Structure of MgO films  
  
Figure 3.1. XRD patterns of MgO films deposited on HF etched Si (100) at temperatures 
ranging from 200 to 700 oC: (a) 200 oC;（b）450 oC; (c) 500 oC；（d）600 oC；（e）
700 oC。During deposition, the ambient pressure is 1×10−5 Torr. 
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The growth of MgO on etched Si(100) was studied first. Figure 3.1 shows the X-ray 
diffraction (XRD) patterns of MgO films deposited on HF etched Si(100) at temperatures 
ranging from 200 to 700 oC. At a low deposition temperature of 200 oC, single (220) 
orientation of MgO film is obtained. It can be seen that there is some shift of the (220) peak 
of this film with the increase of substrate temperature by comparing Figure 3.1(a) with 
Figure 3.1(c). The space distance of the (220) planes decreases about 0.02 Å when the 
deposition temperature increases from 200 oC to 500 oC. This contraction of crystalline 
structure for MgO film at high growth temperature can be interpreted by the interactions 
between lattices of the Si substrate and MgO film [12]. With the increases of the deposition 
temperature, (200) orientation also appears at the MgO films, namely, two orientations, (220) 
and (200) appear at the same time in MgO films. When the substrate temperature is above 
300 °C, the preferred orientation of MgO films changes from (220) plane to (200) plane. A 
complete (200) orientation of MgO film on etched Si (100) has be obtained at 450°C as 
shown in Figure 3.1(b). When the deposition temperature is higher than 600 oC, the (111) 
plane becomes the dominant orientation. At the deposition temperature of 700 oC, complete 
(111) orientation of MgO film is obtained. It indicates that the substrate temperature is a key 
factor in determining the orientation of the MgO films. The mechanism of orientation 
selective growth with temperature can be explained by overall energy balance between the 
surface energy and the interface energy. Here, it is important to point out first the two-
dimensional Mg atom population in MgO planes: 3.46/  for (111), 2.00/  for (100) 
and 1.41/  for (110). So the MgO (111) plane will have the highest columbic interaction 
energy [12]. When MgO is deposited at low temperature, the interaction energy between the 








film. Since MgO (220) plane has the lowest surface energy of MgO, it should be the 
preferred orientation in 200 oC as shown in our experiments. As the substrate temperature 
rises to around 450 oC, the interface energy increases and its contribution becomes large 
enough to influence film growth. The competition between these two energies may change 
the preferred orientation (220) of MgO to (200) plane since it has an intermediate surface 
energy and interface energy. At high temperature, the interaction between the MgO film and 
Si substrate becomes strong, which dominates the orientation of the MgO film. In this 
condition, MgO film will prefer to have the (111) orientation since the (111) plane has a 




Figure 3.2.  XRD patterns of MgO films deposited on HF etched Si(100) at 200 oC with 
oxygen pressure ranging from 10-1 Torr to 10-5 Torr: (a) 10-1Torr; (b) 10-4 Torr; (c) 10-5 
Torr.  
 
    Figure 3.2 shows the X-ray diffraction patterns of MgO films prepared at various 
oxygen pressure on HF etched Si(100) at 200 oC. It can be seen that the orientation of MgO 
film at high oxygen pressure is not unique and three orientations appear under oxygen 
pressure of 10-1 Torr. With the decrease of the oxygen pressure, the orientation of the MgO 
film turns to be unique and (220) planes dominate at the low oxygen pressure of 10-5 Torr. 
With the change of substrate temperature, it is also found by XRD that high oxygen pressure 
will also lead to the appearance of small peaks of other orientations, although the main 















3.3.2. The effect of etching condition of the Si substrates on 
Microstructure of differently oriented MgO films 
 
 
Figure 3.3. XRD patterns of MgO films deposited at 200 oC with oxygen pressure of 10-5 
Torr: (a) on Si(100) without HF etching;  (b) on HF etched Si(100) . 
 
The effect of etching condition of the Si substrates was studied systematically here. 
Before our experiments, there are widely controversies that whether the silicon oxide layer 
on the substrate will result in the degradation of the crystallinity of the MgO film or the 
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change of its orientations [10, 12, and 16]. In our experiments here, at the optimizing 
deposition conditions, the effect of SiO2 on MgO growth turns into two aspects: at low 
substrate temperature, for example, at temperature of 200 oC with oxygen pressure of 10-5 
Torr, the (220) orientation of the MgO film is not the only orientation without HF etching 
(Figure 3.3); while at high substrate temperature, the silicon oxide layer has no obvious 
effect on the orientation and the crystallinity of the MgO film. To further investigate the 
effect of SiO2 on atomic level, HRTEM was used here to study the interfaces of the oriented 
MgO films grown on Si(100) with or without the native silicon oxide on surface. 
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Figure 3.4. Cross section HRTEM images of the MgO films deposited at 450 oC under the 
oxygen pressure of 10-5 Torr on Si(100) : (a) with HF etching ; (b) without HF etching. 
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   Figure 3.4 shows the high resolution interface lattice images of the (100)-oriented 
MgO films deposited at 450 oC with the oxygen pressure of 10-5 Torr on Si (100) with or 
without native oxide on it. Obvious texture development of the MgO films can be observed 
in Figure 3.4 (a) and Figure 3.4 (b),  and no grains with other orientations or big crystal 
defects are found, which implies the high quality of the (100)-oriented MgO films. 
Furthermore, the MgO interface structures reveal the grow mechanism of (100)-oriented 
MgO film on Si(100) surface without SiO2 that at first stage, MgO will form about 1nm 
some misoriented layer on Si(100) to relax the great stress induced by big lattice mismatch 
between MgO and Si (~22.5%) ; then, periodic textured MgO film is easy to grow layer by 
layer on it. While for Si(100) surface with SiO2, the growth mechanism at first stage is 
different. From Figure 3.4 (b), it is obvious that the MgO texture structure starts directly at 
the MgO/SiO2 interface despite the amorphous structure of SiO2 and no partly misoriented 
MgO layer is observed at the MgO/SiO2 interface. This result is consistent with the report 
about MgO film on amorphous Si3N4 [17]. The reason may lies partly in that there is no 
need of misoriented MgO layer to relax stress on amorphous SiO2. Here, the existence of 
SiO2 layer between oriented MgO film and Si(100) also excludes the possibility of 
thermodynamic reaction between Mg and SiO2 to remove the SiO2 layer on Si [16] , which 
is different from the growth mechanism of YSZ on Si [18] . 
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 Figure 3.5. Cross section HRTEM images of the MgO films deposited at 700 oC with oxygen 
pressure of 10-5 Torr on (a) HF etched Si(100) ; (b) Si(100) covered with native oxide. 
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     The cross sections HRTEM images in Figure 3.5 also reveal similar grow 
mechanism of MgO films as that shown in Fig.4. On HF etching Si(100), for (111)-oriented 
MgO film as shown in Figure 3.5 (a), a partly misoriented layer is formed first to relax 
stress, then the (111)- textured structure will develop on it. For Si(100) covered with native 
SiO2, Figure 3.5 (b) shows that the (111)-oriented MgO periodic structure also grows 
directly on SiO2 without any obvious partly misoriented layer between them. Here, the 
amorphous SiO2 layer of about 3nm on Si(100) surface at Figure 3.5 (b) is thicker than the 
2nm SiO2 layer in Fig.4(b) which may result from the further oxidizing process on Si(100) 
surface when the substrate temperature increases from 450 oC to 700 oC. 
From the MgO/Si interface structures observed by HRTEM in Figure 3.4 and Figure 
3.5, it can be concluded that no matterthe substrate is single crystal Si or amorphous SiO2, 
the MgO film will develop its special orientation only according the substrate temperature, 
which is the inner character of MgO film and can be explained by the energy balance theory 
mentioned before. The only effect of different substrate material is the thickness of the 
partly misoriented MgO layer which may come from the stress induced by the lattice 
mismatch . 
 






 Figure 3.6. AFM images of MgO films grown on HF etched Si (100): (a) (220) oriented 
MgO film deposited at 200 oC ; (b) (200) oriented MgO film deposited at 450 oC; (c) (111) 
oriented MgO film deposited at 700 oC. During all the depositions, the oxygen pressure is 
kept as 1×10−5 Torr. 
 
To further investigate the surface morphology of MgO films, these three different 
oriented MgO film were examined with atomic force microscopy (AFM) at room 
temperature. The AFM images (shown in Figure 3.6) were acquired in tapping mode using 
etched silicon scanning tips and within a scanning area of 2 µm× 2µm. As shown in Figure 
3.6 (a), the average roughness (Ra) and root mean square (RMS) of (220) oriented MgO 
film are 0.24 nm, 0.37 nm, respectively, which are the smallest value reported for MgO film 
grown directly on Si(100). The average roughness of (200) and (111) oriented MgO film are 
0.58nm (Figure 3.6 (b)), 4.9 nm (Figure 3.6 (c)), respectively, which are also smaller than 
the values of MgO film grown by ablating the ceramic MgO target and metal Mg target [11], 
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indicating that the film surface obtained by ablating single crystal MgO target is much 
smoother than the surface obtained by ablating other type targets. It can be seen that the 
average grain size was about 15 nm for (220), 30 nm for (200) and 70 nm for (111) oriented 
films, indicating that the grain size increases with the increase of deposition temperature. 
This result is consistent with the XRD graphs (Fig.1) in which the full widths of half 
maximum of the peaks decrease with the increase of deposition temperature. This 
phenomenon can be interpreted by the common nucleation theory [19]. For deposition 
performed at low temperature, the surface mobility of the deposited species on the substrate 
surface is very low. It leads to a high nucleation density and small nucleation site size, and 
therefore a small grain size when the nucleation sites finally turn into grains. When the 
deposition temperature increases, with the improved surface mobility, large grain will form. 
At last, one thing should be mentioned to these AFM images that although we tried our best 
to avoid MgO hydrolysis when transferred them from PLD vacuum chamber to AFM 
measurement platform, our AFM measurements were carried in air for limited experimental 
condition. If experimental condition allowed, it was better to anneal samples in UHV before 
the AFM measurement, to remove these possible hydroxylated MgO fragments and obtain 
better AFM images of the surfaces [20]. 
 
 





Figure 3.7 SEM images of MgO films prepared with the target-substrate distance of (a) 15 
mm and (b) 33 mm. These films were deposited at 720 oC with oxygen pressure of 10-5 Torr. 
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The proper target-substrate distance is very important for MgO film grown by single 
crystal target. If this distance is larger than 40 mm, it is not easy for MgO film to grow on 
Si(100). But if the target-substrate distance is too small, for example 15 mm as shown in 
Figure 3.7 (a), there will be many droplets on the surface which is not fit as buffer layer. 
Those droplets come from the drawback of PLD. During the ablation process of PLD, it is 
easy to eject micro-size particles from the target. If the target-substrate distance is not far 
enough, those micro-size particles will deposit on the substrate and form those droplets as 
shown in Figure 3.7(a).  In our experiment, the proper target-substrate distance is about 33 
mm which will result in a unique orientation and smooth surface under optimized condition. 
Figure 3.7 (b) shows the smooth surface obtained at this proper distance. Our target-
substrate distance is much shorter than ceramic MgO target (normally 40 ~ 70 mm) which 
can be explained by the property of MgO single crystal. Since MgO is wide band gap 
insulator and its insufficient optical absorption makes single crystal MgO target not easy to 
be ablated and have a short plume. So the large target-substrate distance of MgO ceramic 
target is not proper for our single crystal target. 
 
3.4 Conclusions 
In our experiments, single crystal target was used in PLD for the growth of wide band 
gap insulator, MgO. Selective growth of single-oriented (220), (200) and (111) MgO film 
on Si (100) substrates without buffer layers wsd obtained by optimizing growth parameters. 
It was found that the surfaces of films deposited by ablating single crystal MgO target are 
much smoother than the surfaces obtained by ablating other type targets, especially the 
surface of (220) and (200) oriented MgO film which are atomic-scale smooth. Various 
 52
growth conditions for MgO film were studied here. It was found that the orientation of the 
films could be controlled by substrate temperature, while high oxygen pressure will also 
lead to the appearance of small peaks of other orientations. The MgO/Si interfaces observed 
by HRTEM reveal that at high temperature, no matter the substrate is single crystal Si or 
amorphous SiO2, the orientation of MgO film is determined by the substrate temperature. 
The partly misoriented MgO layers of several nanometers between MgO oriented films and 
Si single crystals were observed here, which can be used to explain the stress relax process 
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Chapter 4 High perpendicular coercive field of 
(100)-oriented CoFe2O4 thin films on Si (100) 
with MgO buffer layer 
    
4.1 Introduction 
        The growth of epitaxial or textured hard magnetic films with high magnetic anisotropy 
is a field of great interest due to the increasing demand of magnetic recording media and 
microelectromechanical systems (MEMS) [1-4]. The challenge with recording media is the 
60% annual increase in areal density which requires ever-smaller magnetic dots. However, 
the reduction of dot size is limited by superparamagnetic phenomenon. In order to further 
reduce the size as well as for the application of perpendicular recording in the future [5, 6], 
materials with a large magnetic anisotropy and high perpendicular coercivity are needed. 
This can be achieved by depositing epitaxial or textured hard magnetic films with the 
magnetic easy axis perpendicular to the substrate. Also, these epitaxial hard magnetic films 
show the potential to be used in MEMS, where strong orientation fields are needed [7].  
         Spinel CoFe2O4 is a traditional candidate for magnetic recording media for its low cost, 
corrosion resistance, excellent mechanical strength and high magnetocrystalline anisotropy 
[8, 9]. However, the relatively low coercivity in epitaxial or textured CoFe2O4 films [10,11], 
which originates from the large grain size due to the two dimensional layer-by-layer growth 
mode of the epitaxial films [12], limit their application in perpendicular recording systems. 
In this work, we grow CoFe2O4 thin films on Si, the most commonly used substrate in 
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semiconductor industry, with a 15 nm thick MgO buffer layer. The highly (100)-oriented 
MgO layer grows directly on the native amorphous SiO2 by the island growth mode, 
resulting in a columnar structure in both the MgO and the on top grown CoFe2O4 layers. 
The radial dimension of the grains in CoFe2O4 film thus is confined to some extent and the 
film is (100)-textured out-of-plane. Since the easy magnetization axis for CoFe2O4 materials 
is along the pseudo cubic (100) direction [14], these (100)-oriented CoFe2O4 films on 
silicon are expected to have a large magnetic anisotropy. Actually, a perpendicular 
coercivity as high as 7.8 kOe is achieved at room temperature when the grain size of the 
(100)-textured CoFe2O4 films is tuned approaching a critical single domain size [13].  
 
4.2 Experimental  
All the samples were prepared by pulsed laser deposition (PLD) with a KrF (pulse 
duration 30 ns, wavelength 248 nm) excimer laser system [15]. The target-to-substrate 
distance was kept at about 35 mm for both MgO single crystal target and CoFe2O4 
polycrystalline target. The focused laser fluence was set at 3 J/cm2 and 2 J/cm2 for MgO 
buffer layers and CoFe2O4 thin films respectively, while the laser repetition rate was kept at 
3 Hz for both films. Before deposition, Si (100) substrates (10 × 10 × 0.5 mm3) were 
cleaned by using acetone and ethanol in an ultrasonic cleaner. After the stainless-steel 
vacuum chamber was evacuated to the order of 10−7 Torr, the in situ deposition of (100)-
oriented MgO buffer layer was carried out for 5 minutes in an O2 ambient with a pressure of 
1×10−5 Torr at 450 oC [16].  CoFe2O4 films were then grown on top of the MgO buffer layer 
by ablating a polycrystalline CoFe2O4 target at an oxygen pressure of 1.5×10−1 Torr.  
In order to study the effect of deposition temperature and film thickness on the 
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magnetic properties of CoFe2O4 thin films, different deposition temperatures (ranging from 
300 oC to 700 oC) and various thicknesses (25-100 nm) were used for the deposition of 
CoFe2O4 thin films. The orientation and crystalline quality of the films were measured by 
the θ–2θ scans of Normal Cu Kα X-ray diffraction (XRD). High resolution X-ray diffraction 
(HRXRD) was further used to finely scan around (400) peak position of CoFe2O4 thin films 
to estimate the grain size and stress. The cross-section morphology and thickness of the 
films were evaluated by high resolution transmission electron microscopy (HRTEM) 
operating at 300 KV. Magnetic measurements were carried out by a vibrating sample 
magnetometer (VSM) with magnetic field applied parallel (H//plane) and perpendicular 
(H⊥plane) to the film surface at room temperature. The maximum dc magnetic field of the 














4.3 Results and discussion 
4.3.1 The effect of temperature on Crystal Structure of CoFe2O4 films  
 
 
Figure 4.1. XRD patterns of CoFe2O4 films with thickness of 50 nm deposited at different 
temperatures on Si (100) with 15 nm (100)-oriented MgO buffer layers. 
 
              Figure 4.1 shows the XRD patterns of 50 nm CoFe2O4 films prepared at different 
deposition temperatures on MgO buffered Si (100) substrates. Only CoFe2O4 (400) 
diffraction peaks are found in Figure 4.1, indicating the (100) texture in the CoFe2O4 films. 
It is noted here the weak reflection (200) of the 15 nm MgO is masked by the CoFe2O4 (400) 
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due to their very close lattice constants. It seems that with the increase of the substrate 
temperature, the crystallinity of the (100)-textured CoFe2O4 films is improved. 
 
4.3.2 HRTEM study on the microstructure of CoFe2O4/MgO/Si 
multilayer system  
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Figure 4.2. Cross section HRTEM images of the 50 nm CoFe2O4 thin film with 15 nm MgO 
buffer layer on Si (100) deposited at 500 oC: (a) low resolution overview image, (b) zoom-in 
of a typical CoFe2O4 column (grain boundaries are indicated by arrows), (c) CoFe2O4/MgO 
interface, (d) MgO/Si interface. 
 
   HRTEM was used to further study the microstructure and growth mechanism of these 
(100)-textured CoFe2O4 films. The typical cross section HRTEM images of a 50 nm 
CoFe2O4 thin film with 15 nm MgO buffer layer on Si (100) substrate deposited at 500 oC 
are shown in Figure 4.2. From the low resolution TEM image of the cross section, as shown 
in Figure 4.2 (a), it is obvious that both the MgO buffer layer and CoFe2O4 thin film grow in 
columns. The column growth of MgO buffer layer on silicon is due to the island growth 
mode caused by large lattice mismatch between the substrate and the film (~22.5%), as well 
as the native amorphous SiO2 layer on top of Si wafer. Furthermore, the interface of 
CoFe2O4/MgO and MgO/Si, and the grain boundary between CoFe2O4 columns were 
investigated by HRTEM at atomic level. Figure 4.2 (b) shows a typical CoFe2O4 column 
grain with a size of its base about 20 nm grown on an MgO column grain of the same base 
size. Both MgO layer and CoFe2O4 film are highly (100)-oriented, which is consistent with 
the result of XRD (Figure 4.1, with only the (400) CoFe2O4 peak on it). Some twists are 
observed at the grain boundaries of CoFe2O4 columns, which stem from the grain 
boundaries of the MgO buffer layer, and are identified as a coherent twin to accommodate 
translational misfit between nearest neighbor columns, as shown in Figure 4.2 (c). There is 
no abrupt interface found between CoFe2O4 film and MgO layer, suggesting the direct 
texture development of CoFe2O4 thin film on MgO buffer layer.  Apparently, the MgO layer 
serves as a template for the on-top-grown CoFe2O4, leading to the columnar structure of the 
later. From Figure 4.2 (d), it is observable that there is a layer of SiO2 at the interface of 
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MgO/Si and highly (100)-oriented MgO layers grow directly on this thin amorphous layer, 
which is consistent with the observations in our previous work [16].  
 




Figure 4.3. The coercivity (Hc) perpendicular to and parallel with the film plane as a 
function of (a) substrate temperature for 50nm CoFe2O4 films, (b) film thickness for 
CoFe2O4 films deposited at 500 oC.  All the CoFe2O4 films were deposited on Si (100) with 
15 nm (100)-oriented MgO buffer layers. 
 
 
The values of the coercivity as a function of substrate temperature are shown in Figure 
4.3 (a). Large magnetic anisotropy demonstrated by the large ratio between perpendicular 
coercivity (H⊥plane) and coercivity in plane (Hc//plane) is observed in the 50-nm-thick 
CoFe2O4 films grown at higher temperatures (500 oC and 700 oC), with an easy axis normal 
to the film plane; while at lower deposition temperature as 300 oC, magnetic isotropy 
appears in the CoFe2O4 film of the same thickness. The trend that magnetic anisotropy 
increases with the increase of substrate temperature is consistent with the results reported on 
(100) epitaxial CoFe2O4 films deposited on single-crystal (100) MgO substrate [11, 17]. 
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This phenomenon is reasonable since the crystalline quality of the textured films will be 
improved with the increase of the substrate temperature (as shown in Figure 4.1), which 
results in decrease of crystalline defects and more CoFe2O4 grains with unique (100) 
orientation. As the easy magnetization axis for the cubic CoFe2O4 materials is along (100) 
orientation, the improved (100) texture of CoFe2O4 films will lead to higher magnetic 
anisotropy. While at 300 oC or below, the CoFe2O4 films are of poor crystallinity and weak 
texture (as also shown in Fig.4.1), and thus magnetic isotropy appears. Meanwhile, the 
effect of film thickness on magnetic anisotropy is reported in Figure 4.3 (b). With the 
increase of the film thickness, the perpendicular coercivity of CoFe2O4 films also increases 








Figure 4.4 The grain size as a function of (a) substrate temperature for 50 nm CoFe2O4 
films, (b) film thickness for CoFe2O4 films deposited at 500 oC.  All the CoFe2O4 films were 
deposited on Si (100) with 15 nm (100)-oriented MgO buffer layers. Here the grain size is 
calculated by the Scherrer’s Formula with the results of HRXRD. 
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To further clarify the underlying mechanism of the effect of substrate temperature 
and film thickness on the magnetic coercivity in the CoFe2O4 thin films, we calculated the 
grain size by the Scherrer’s Formula with the results of HRXRD. The relationship of grain 
size and substrate temperatures for the CoFe2O4 films of thickness 50 nm is plotted in 
Figure 4.4 (a). With the increase of the temperature, the grain size increases rapidly from 17 
nm at 300 oC to 30 nm at 700 oC. It seems that at high deposition temperatures, CoFe2O4 
columns at neighbors are easy to merge together, which results in the larger grains. The 
relationship between the grain size and the film thickness for the films deposited at 500 oC 
is also shown in Figure 4.4 (b). The grain size of 26 nm in the CoFe2O4 film of thickness 
100 nm is 1.4 times larger than the grain size of 19 nm in the CoFe2O4 films of thickness 25 
nm. Intuitively, with increase of the film thickness, the height of these column-shaped 
grains will increase, and the prolonged deposition time is also of help in curing the lattice 
defects at grain boundaries. It seems that the grain size of the CoFe2O4 films could be 
increased much efficiently by increasing the deposit temperature while only slightly by 
increasing the film thickness. Comparing Figure 4.3 (a) and (b), one can conclude that, the 
enhancement of the magnetic coercivity, especially the perpendicular coercivity, might be 
considered as a result of the increased grain size. 
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 Figure 4.5  The coercivity (Hc) perpendicular and parallel to the film plane as a function of 
the grain size of the CoFe2O4 thin films deposited on Si (100) with 15 nm (100)-oriented 
MgO buffer layers.  
  
Figure 4.5 presents the perpendicular and parallel coercivity plotted as functions of 
the grain size of the CoFe2O4 thin films. Clearly, regardless of the diverse deposition 
conditions, all the experimental data fell into one single set of curves. The perpendicular 
coercivity increases with grain size and approaches to a saturated value when the grain size 
of the CoFe2O4 film approaches to the value of the critical single domain size of 40 nm [13]. 
The perpendicular coercivity of the CoFe2O4 film is 7.8 kOe when its grain size reaches 
30nm (shown in Figure 4.6). For the in plane coercivity of the films, it decreases marginally 
with increase of the grain size. Nevertheless, as is known, further increase in the grain size 
will lead to a decrease in the coercivity value, as in the case of epitaxial CoFe2O4 thin films, 
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where the grains are no longer single domain. We also tried to control the grain size of the 
CoFe2O4 film through changing the grain size of the MgO buffer layer by the method of 
annealing. Unfortunately, after annealing, the surface of the MgO buffer became rather 
rough, which destroyed the (100)-texture of the on-top-grown CoFe2O4 films. 
 
 
Figure 4.6 The room temperature VSM hysteresis loops of the 50 nm (100)-oriented       
CoFe2O4 film deposited at 700 °C with magnetic fields applied in two directions,    





As shown in Figure 4.6, the perpendicular hysteresis loop of this particular sample 
saturates at 4πMs of ~3100 G, still lower than the value of 5300 G in epitaxial CoFe2O4 thin 
films on single crystal (100) MgO, but the coercivity is as high as 7.8 kOe, substantially 
enhanced (~5.5 kOe in the latter) [11].  The film could not be readily saturated in plane with 
the magnetic field available in our experiment. Obviously the uniaxial anisotropy magnetic 
field is absolutely larger than 20 kOe. In our (100)-textured CoFe2O4 films, the magnetic 
anisotropy increases with the increase of grain size, which can be viewed as a consequence 
of the improved (100) texture. However, in the film plane there is only weak texture. The 
parallel hysteresis loop measured is thus roughly an average effect, which ought to be 
harder. As is known, the intrinsic magnetocrystalline anisotropy in CoFe2O4 bulk is about 
6.8 kOe. Therefore the cubic anisotropy alone cannot account for so large an anisotropy 
field observed. Another possibility is the shape anisotropy originates from the column-like 
grains. The aspect ratio (grain length/grain diameter) of column grain in the films is only 
1.5~4. Considering the measured saturation magnetization 250 emu/cm3, the estimated 
shape anisotropy field is only 1 or 2 kOe. So, the most likely origin of such a large uniaxial 
magnetic anisotropy field in CoFe2O4 films may lie in its large magnetostriction effect (λ=-
350×10-6). Further analysis of HRXRD results indicated the presence of stress in our highly 
textured CoFe2O4 films as the (400) diffraction peaks shifted away from the bulk value with 
the change of substrate temperature and film thickness.  The lattice distance d(400) 
decreased with the increase of the substrate temperature. At a lower temperature of 300 oC, 
the d(400) value of CoFe2O4 film is about 1% larger than the bulk value (PDF card 03-
0864), which indicates a compressive stress in the film plane, suggesting a magnetic easy 
plane. However, we observed an isotropic behavior in our sample fabricated at this 
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temperature. So the larger lattice constant observed here may be the result of poor 
crystalline of our low temperature samples, which have no strong compressive stress in 
them. While at higher temperatures, the d(400) of the CoFe2O4 films is very close to the 
bulk value, indicating that the stress has been relaxed. This agrees with the phenomenon 
shown in CoFe2O4 films on MgO single crystal substrates [11]. With the increase of the film 
thickness, the stress is also relaxed since the d(400) value is also approaching the bulk value 
at 100 nm thickness. Therefore, it seems that magnetostriction is also an unlikely candidate 
for producing such a large magnetic anisotropy in our samples. Further study is needed to 
investigate the origin of such large uniaxial anisotropy magnetic field in textured CoFe2O4 
films. Some other factors, for example, the large thermal expansion coefficient difference 
between the Si wafer (~2.5×10-6) and the MgO buffer layer (~9.6×10-6), may also contribute 





        In conclusion, with the aid of (100) textured MgO buffer layers, the (100)-oriented 
column-like CoFe2O4 thin films with high perpendicular magnetic anisotropy were obtained 
on Si (100) by pulse laser deposition (PLD). A perpendicular coercivity as high as 7.8 kOe 
was achieved in the CoFe2O4 film with a thickness of 50 nm deposited at 700 °C. The 
relations between coercivity, grain size and stress were studied here to investigate the 
coecivity mechanism which indicates that nanograin is the main reason of high coercivity in 
our sample, while stress has no obvious effect on our samples. The preferable grain size for 
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high coercivity was around 30nm.  It is shown in this paper that the use of buffer layers with 























 4.5 References  
[1] A. Singh, V. Neu, R. Tamm, K. Subba Rao, S. Fähler, W. Skrotzki, L. Schultz, and B. 
Holzapfel, Appl. Phys. Lett. 87, 072505 (2005). 
[2] A. K. Patra, V. Neu, S. Fähler, and H. Wendrock, L. Schultz, J. Appl. Phys. 100, 043905 
(2006).  
[3] S. L. Tang, M. R. J. Gibbs, H. A. Davies, Z. W. Liu, S. C. Lane, and N. E. Mateen, J. 
Appl. Phys. 101, 013910 (2007) 
[4] A. Singh, R. Tamm, V. Neu, S. Fähler, C.-G. Oertel, W. Skrozki, L. Schultz, and B. 
Holzapfel, J. Appl. Phys. 97, 093902 （2005）. 
[5] W. Andra, H. Danan, and R. Mattheis, Phys. Status Solidi. A. 125, 9 (1991). 
[6] D. Weller and M. F. Doerner, Annu, Rev. Mater. Sci. 30, 611 (2000) 
[7] R. B. Zmood, L. Qin, and D. K. Sood, Smart Mater. Struct. 7, 9 (2001) 
[8] F. X. Cheng, J. T. Jia, Z. G. Xu, B. Zhou, C. S. Liao, C. H. Yan, L. Y. Chen, and H. B. 
Zhao, J. Appl. Phys. 86, 2727 (1999)  
[9] A. J. Rondinone, A. C. Samia, and Z. J. Zhang, Appl. Phys. Lett. 76, 3624 (2000) 
[10] M. C. Terzzoli, S. Duhalde, S. Jacobo, L. Steren, C. Moina, Journal of Alloys and 
Compounds  369 , 209(2004) 
[11] P. C. Dorsey, P. Lubitz, D. B. Chrisey, and J. S. Horwitz, J. Appl. Phys. 79, 6338 (1996) 
[12] W. Huang, J. Zhu, H. Z. Zeng, X. H. Wei, Y. Zhang, and Y. R. Li, Appl. Phys. Lett. 89, 
262506 (2006) 
[13] C. N. Chinnasamy, B. Jeyadevan, K. Shinoda, K. Tohji, D. J. Djayaprawira, M. 
Takahashi, R. Justin Joseyphus, and A. Narayanasamy, Appl. Phys. Lett. 83, 2862 (2003). 
 72
[14] B. D. Cullity, Introduction to Magnetic Materials (Addison–Wesley,Reading, MA, 
1972), p. 234. 
[15] C. K. Ong, X. S. Rao and B. B. Jin,  Supercond. Sci.Technol. 12, 827 (1999) 
[16] M. Ning, Y. Y. Mi, C. K. Ong, P. C. Lim and S. J. Wang, J. Phys. D: Appl. Phys. 40 
3678-3682 (2007) 












Chapter 5  Room temperature ferroelectric, 
ferromagnetic and magnetoelectric properties 
of Ba-doped BiFeO3 thin films on silicon 
 
5.1. Introduction 
Recently there have been intensive studies on multiferroic materials in which 
ferroelectric, ferromagnetic and even ferroelastic orders coexist in a single phase in a 
material [1–8]. Magnetoelectric effect (ME) was observed in these materials due to the 
coupling between the ferromagnetic and ferroelectric orders, which therefore offer new 
approaches to the design and application of storage devices, sensors, traducers, actuators, 
etc. 
Multiferroic materials are rare in nature because the conditions for being 
simultaneously ferroelectric and ferromagnetic—empty and partially filled transition metal 
orbits [9,10], respectively—are in general mutually exclusive. The main multiferroic 
materials studied so far are YMnO3, BiMnO3 and BiFeO3 (BFO). Among all these 
multiferroic materials, BFO exhibits a simple structure (a rhombohedrally distorted 
perovskite structure), a high ferroelectric Curie temperature (Tc = 830 oC) and a high N′eel 
temperature (TN = 370 oC) [11], below which the compound is antiferromagnetic with a 
canted spin structure, resulting in a net spontaneous magnetization, all of which are 
advantages for research and applications. Much work has been done on the structures and 
properties of bulk BFO [12]. However, it is difficult to observe the ferroelectric loop of a 
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bulk BFO sample at room temperature due to its high leakage current, which consequently 
hampered the research and applications of this material. To solve this problem, modification 
of the material, including the solid solution of BFO with another ABO3 perovskite such as 
BaTiO3 [13, 14], and elements doping of BFO compounds [15–17], etc were conducted. A 
Tb and La co-doped BFO system showed magnetoelectric coupling and a large dielectric 
constant at room temperature [15], while a Nb-doped BFO had an electrical resistivity six 
orders larger than that of an undoped BFO [16]. A Sm-doped BFO exhibited a large 
remanent polarization of 15.09 μCcm−2 and a small remanent magnetization of 0.071 emu 
g−1 [18]. 
 
Large piezoelectric and pyroelectric properties were also reported in polarized single 
phase Nd-doped BFO ceramics [19]. In view of the practical device application, it is 
important to obtain functional materials in the form of a thin film. Thin films of these 
multiferroic materials have also been prepared by a number of groups to explore the 
magnetoelectric properties and possible applications [20–23]. Some of these films showed 
quite large differences in the properties from their bulk materials, likely due to the 
differences in the crystalline structure, grain size, crystalline stress, composition and 
mechanical clamping between the films and the bulk materials [6, 20, 21]. Wang et al first 
reported that a BFO film epitaxially grown on a SrTiO3 (STO) substrate had a large 
spontaneous polarization up to 60 μCcm−2, an order of magnitude higher than that of the 
bulk. This enhancement in polarization was attributed to the high sensitivity of the 
polarization to small changes in the lattice parameters [6]. The (0 0 1), (1 0 1) and (1 1 1) 
oriented BFO films grown, respectively, on (0 0 1), (1 1 0) and (1 1 1) STO substrates 
possessed different polarization values and an easy axis of spontaneous polarization lying 
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close to [1 1 1] [20]. A polycrystalline BFO film grown on a Pt-coated Si substrate had a 
large 2Pr of 136μCcm−2, which was partly attributed to the tetragonal structure of the film 
rather than the rhombohedral structure, as in the bulk BFO [24]. Gao et al reported the 
influences of Fe ion with different valences on the properties of the La-doped BFO films 
[25]. La-modified BFO film capacitors fabricated on SrRuO3-buffered STO(0 0 1) 
substrates showed enhanced magnetizations and fatigue-free ferroelectric switching 
characteristics up to 4×1010 read/write cycles [26]. Recently, we reported a new Ba-doped 
BFO, Bi1−xBaxFeO3 (x≤0.3), which exhibits ferroelectric, ferromagnetic properties and ME 
effects at room temperature [27]. In this study, Ba content of x = 0.25 was found to be the 
optimal doping concentration to show the best properties of this material. To explore the 
properties and the potential application of this new multiferroic material, fabrication of thin 
film of this material is necessary. The Si substrate is of particular importance in device 
application, particularly in incorporating into integrated circuits. In this work, we report the 
preparation and the ferroelectric, ferromagnetic and ME properties of the Ba-doped 




A pulsed excimer laser(Lambda Physik, COMPex 205) with a wavelength of 248 
nm(KrF), a repetition rate of 5Hz and a pulse laser energy of 250 mJ was used in pulsed 
laser deposition. The BBFO ceramic target was synthesized by the conventional sintering 
technique [27]. The excimer laser was focused on the rotating BBFO target at 45 o with 
respect to its normal to achieve a uniform ablation. Pt-coated silicon, Pt/TiO2/SiO2/Si(1 0 0), 
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was used as substrates for the film growth. The substrates, with dimensions of 5 × 10 mm2, 
were mounted on a heatable sample stage with silver paste and heated to the desired 
deposition substrate temperatures (Ts). The distance between the target and the substrates 
was 4 cm. To optimize the film growth condition, a series of Ts in the range 300–600 oC 
and various oxygen pressures from 10 to 400 mTorr were used during the depositions. The 
deposition time for the BBFO films was 60 min, corresponding to a film thickness of about 
350 nm, as shown in the cross-sectional electron microscopy image of the sample. 
         The structures and orientations of the BBFO films were examined by x-ray diffraction 
(XRD) 2 θ -scans with CuK α  radiation. A high resolution transmission electron 
microscope (HRTEM) (JEOL JEM-3010) was used to confirm the single phase structure of 
the film. The morphologies of the BBFO films were observed by a field emission scanning 
electron microscope (SEM). The ferroelectric properties were investigated by ferroelectric 
hysteresis loop (P–E loop) measurements with a RT6000S ferroelectric test system (Radiant 
Technologies, Inc., USA). The magnetic hysteresis loop (M–H loop) of BBFO was 
measured by a vibrating sample magnetometer (VSM) at room temperature. The surface of 
the film was parallel to the applied magnetic field during the measurements. The dielectric 
constant of BBFO as a function of frequencywas measured on an impedance analyzer (HP 
4192A). An Au–BBFO–Pt sandwich capacitance with an electrode size of φ = 0.5mm was 
used in this measurement. To demonstrate the coupling between the electric and the 
magnetic polarizations in the BBFO films, the dielectric constant was specially measured at 
various applied magnetic fields at a frequency of 10 kHz at room temperature. The surface 
of the film was parallel to the applied magnetic field during the measurement. 
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5.3．Results and discussions 
5.3.1 The effect of temperature and oxygen pressure on Crystal 
Structure of Ba-doped BFOthin films 
 
Figure 5.1. The XRD patterns of the BBFO films grown at (a) various Ts with oxygen 




The structures and orientations of the BBFO films grown at various Ts with 200 
mTorr oxygen pressure were examined by XRD 2θ-scans, as illustrated in Figure 5.1 (a). 
The XRD patterns show different features for the samples grown at different Ts. There are 
only weak peaks in the pattern of the BBFO sample grown at 500 oC, indicating a weak 
crystallization of the film. Strong and sharp (1 0 1) and (2 0 2) peaks along with a small (0 1 
2) peak are shown in the pattern of the sample deposited at 525 oC, indicating a single phase 
BBFO film with (1 0 1) preferential orientation. The intensities of these BBFO peaks 
decrease for the sample with its Ts increasing to 550 oC. The BBFO peaks can hardly be 
observed in the pattern of the sample grown at 600 oC, suggesting that the crystallization of 
this film was very poor. This poor crystallization may be attributed to the volatilization of 
Bi in BBFO at high temperatures, which results in the destruction of the BBFO phase 
structure. 
 Figure 5.1 (b) shows the XRD patterns of these films grown at different oxygen 
pressures at optimal Ts of 525 oC. Some studies showed that the electrical properties of 
BFO films are sensitive to the oxygen pressure in PLD [19, 24]. The BBFO (1 0 1), (2 0 2) 
and (0 1 2) peaks can be clearly seen in the XRD patterns of the films with oxygen pressures 
of 10, 100 and 200 mTorr, indicating that single phase BBFO films were formed in this 
oxygen pressure range. The strongest and sharpest peaks appeared in the pattern of the film 
with oxygen pressure of 100 mTorr which was adopted as the optimal deposition oxygen 
pressure. A higher pressure of 400 mTorr introduced an extra impurity phase peak in 2θ at 
around 33 o, indicating Bi2O3 and/or Fe2O3 may be formed in the films, which was similar to 
that reported by others [22]. Combined with the Ts results, the optimal deposition 
conditions for the single BBFO phase were Ts of 525 oC and oxygen pressure of 100 mTorr. 
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The x-ray diffraction pattern of the undoped BFO film deposited under the same optimal 
PLD condition had almost the same peak features as that of the BBFO film, indicating that 
Ba substitution did not change the rhombohedral crystalline structure of the parent BFO.  
 
5.3.2 HRTEM and SEM study on Microstructure  
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 Figure 5.2. HRTEM images of the BBFO film: (a) plan-view with a polycrystaline ED 
pattern (inset) and (b) high magnification image of the grains. 
 
To confirm the single phase perovskite structure, HRTEM plan-view images of the 
BBFO film were obtained as illustrated in Figure 5.2. Figure 5.2 (a) shows an image of the 
film containing some crystalline grains and a corresponding electron diffraction (ED) 
pattern (inset). These grains in the image have different contrasts corresponding to different 
crystalline orientations. The diffraction spots in the ED pattern are scattered randomly on a 
series of concentric circles with different diameters. These concentric circles can be indexed, 
from inner to outer, respectively, as (0 1 2), (1 0 4), (0 2 4), (1 1 6) and (0 1 8) planes of the 
BBFO rhombohedral structure. No alien phase spot or amorphous halo is observed in the 
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pattern. Figure 5.2 (b) is a high magnification HRTEM image of the film. A lattice plane 
series in a grain can be clearly seen in the image. It can also be seen that each grain has a 
crystalline plane orientation and different grains have different orientations. The interfaces 
of different grains are sharp and free of amorphous layer. These results indicated that the 
film was well crystallized in polycrystalline grain orientations. No impurity phase grain was 
observed. This result is consistent with that of the XRD given above. 
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 Figure 5.3. SEM images of the BBFO films grown under optimized deposition condition: (a) 
plain view and (b) cross-section view. 
 
The morphologies of the BBFO films grown under the above optimized deposition 
condition observed by SEM are shown by the plain view in Figure 5.3 (a) and by the cross-
section view in Figure 5.3 (b), respectively. The films have dense and uniform surface 
morphologies with a crystallite size of about 250–350 nm. These grains grew in the column-






5.3.3 Ferroelectric, ferromagnetic properties and Magnetoelectric effect 
 
Figure 5.4. The ferroelectric hysteresis loop of the BBFO films at room temperature 
 
Figure 5.4 shows the ferroelectric property of a BBFO film investigated by the P–E 
loop measurement. Circular Au top electrodes were deposited through a shadow mask with 
a diameter of 0.2 mm to form sandwich architectures for the measurement. At a maximum 
applied electric field of ±160 kV cm−1, the remanent polarization (2Pr) is 4.8μCcm−2 and 
the coercive field (2Ec) is 134 kV cm−1. Compared with that of the BBFO ceramic [27], the 
2Pr of the BBFO films has nearly the same value. According to the results reported by 
Palkar et al, our 2Pr value is larger than that of the undoped polycrystalline BFO film and 
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somewhat smaller than that of the Tb-doped polycrystalline BFO films on Pt-coated Si 
substrate [28]. We also note that large Pr values were reported for some of the pure or doped 
BFO films [6, 24]. We preliminarily attribute our small Pr to the possible structural defects, 
oxygen vacancies and nonstoichiometry of the polycrystalline BBFO film. It is reported [24, 
29] that a film with a tetragonal structure is more likely to have a large Pr than that with a 
rhombohedral structure which our BBFO film had. Moreover, the possible existence of 
oxygen vacancies and low valence Fe ion in the film due to nonstoichiometry and 
incomplete charge compensation, as is likely to exist in a BFO system, may affect the 
distortion of the lattice and increase the leakage current of the film, which hampered the 
applying of high voltage and obtaining saturated polarization and large Pr . The undoped 
BFO film grown under the same optimal PLD condition did not show the P–E loop due to 
low resistivity and large leakage current of the film, indicating that Ba substitution in BFO 
has reduced the leakage current of the film. Larger Pr value may be expected in the BBFO 
film if the crystalline lattice structure, defects, oxygen vacancies and the stoichiometry are 
well controlled. In addition, the 2Ec of the BBFO film is larger than that of the bulk; this 
can be attributed to the differences in the crystalline orientations, crystallite sizes, interface 
and the defects of the films which were different from that of the bulk ceramic, similar to 
that observed in other doped BFO films [13]. This 2Ec value is well comparable to that 
obtained on a polycrystalline BFO film grown on a Pt-coated Si substrate by Yun et al [24, 
29]. The asymmetry of the P–E loop may be primarily attributed to the difference in the 
work function, the crystallographic defect distribution and the thermal history between the 
top and the bottom electrodes [21].  
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          Figure 5.5. The magnetic hystersis loop of the BBFO films at room temperature. 
 
The M–H loop of BBFO measured by a VSM at room temperature is shown in Figure 
5.5. The magnetization curve shows a saturated magnetization (Ms) of 3.3 emu g−1, a 
remanent magnetization (Mr) of 1.2 emu g−1 and a coercive field(Hc) of 1.1 kOe. Compared 
with some doped BFO compounds [16, 17, 26], these BBFO, both ceramic [27] and thin 
films, exhibit larger magnetization at room temperature. This spontaneous magnetization of 
the BBFO might, as we stated earlier, originate from the rhombohedral distorted perovskite 
structure(space group R3c) of BFO, in which both ferroelectric atomic displacements and a 
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weak ferromagnetic ordering might be allowed due to the canting spin arrangement [30]. 
Ba2+ doping might increase the degree of distortion, resulting in a smaller bond angle of Fe–
O–Fe and a significant magnetization of BBFO. In addition, the charge compensation 
required by Ba2+ ion doping may result in the formation of Fe4+ or oxygen vacancies; the 
former may distribute statistically with Fe3+ in the octahedron in BBFO and lead to a net 
magnetization and ferromagnetism [31]. However, it is difficult to obtain direct 
experimental evidence of the existence and amount of Fe4+ in the film in our case, since it is 
hard to find direct Fe4+ signal band from x-ray photoelectron spectroscopy [25, 31, 32]. It is 
also suggested that oxygen vacancies and Fe ion with low valence in materials may 
contribute to the magnetism of the materials [25, 30]. The smaller Hc of the film than that of 
the bulk may originate from the difference between the film and the bulk in the magnetic 





 Figure 5.6. The dielectric constant of the BBFO films as a function of frequency and of the 
applied magnetic field (inset) measured at room temperature. 
 
The dielectric constant of the BBFO as a function of frequency is illustrated in Figure 
5.6. It can be seen that the dielectric constant decreases with increasing frequency. To 
demonstrate the coupling between electric and magnetic polarizations in BBFO films, the 
dielectric constant at a frequency of 10 kHz as a function of the applied magnetic field was 
measured at room temperature, as shown in Figure 5.6 (inset). In the multiferroics, when a 
magnetic field is applied, the materials will be strained. Due to the coupling between the 
magnetic and ferroelectric domains, the strain will induce stress and then generate an 
electric field on the ferroelectric domain. 
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As a result, the dielectric behavior will be modified [15]. One of the commonly used 
parameters, the variation of the dielectric constant as a function of the magnetic field, i.e. 
(εr(H) − εr(0) )/εr(0), is adopted here to describe the ME coupling [5,16,33,34]. The 
dielectric constant increases with increasing applied magnetic field, giving a positive 
coupling coefficient of 1.1% at the highest applied field of H = 8 kOe. This value is larger 
than that of Nb-doped BFO [16] and somewhat smaller than that of Tb-doped BFO [14] and 
TbMnO3 [5], which could be interesting for device application. 
 
5.4 Conclusions 
In conclusion, BBFO films were successfully prepared on Pt/TiO2/SiO2/Si(1 0 0) 
substrates by pulsed laser deposition. Uniform, dense single phase polycrystalline films with 
(1 0 1) preferential orientation were obtained under optimized deposition temperature and 
oxygen pressure. Both ferroelectricity and ferromagnetism of these films were observed at 
room temperature by P–E and M–H loops measurements, respectively. The ME coupling 
properties were demonstrated by the increase in the dielectric constant with the increase in 
the applied magnetic field, giving a coupling coefficient (εr(H)−εr(0) )/εr(0) of 1.1% at 
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Chapter 6 Overall conclusions and future work 
6.1 Review of findings 
From the work have been done above, we can make some of the following conclusions on 
this thesis: 
 
1. Obtained three single-oriented (220), (200) and (111) MgO films on Si (100) substrates 
by optimizing growth parameters. It is found that the surfaces of the films deposited by 
ablating single crystal MgO target are much smoother than the surfaces obtained by ablating 
other type targets ,especially the surface of (220) and (200) oriented MgO film which are 
atomic-scale smooth. For single crystal MgO target, the proper target-substrate distance is 
much shorter than other type targets. Various growth conditions for MgO film were studied 
here. It is found that the orientation of the films can be controlled by substrate temperature, 
while high oxygen pressure will also lead to the appearance of small peaks of other 
orientations. The MgO/Si interfaces observed by HRTEM reveal that at high temperature, 
whether the substrate is single crystal Si or amorphous SiO2, the orientation of MgO film is 
determined by the substrate temperature. The partly misoriented MgO layers of several 
nanometers between MgO oriented films and Si single crystals were observed here, which 
could be used to explain the stress relax process of MgO growth on Si(100) with such a 




2. Obtained highly (100)-oriented CoFe2O4 thin films with large magnetic anisotropy on Si 
(100) by pulsed laser deposition (PLD), with the aid of (100) textured MgO buffer layers. A 
perpendicular coercivity as high as 7.8 kOe has been achieved in the CoFe2O4 film with a 
thickness of 50 nm deposited at 700 °C. The relationship among coercivity, grain size and 
stress were studied here to investigate the coecivity mechanism which indicates that the 
large coecivity possibly associated with the magnetocrystalline anisotropy, the column 
shaped structure, and the appropriate grain size approaching the single domain critical value. 
It is shown in this work that the use of buffer layers with small grain size, such as MgO, will 
provide a new way to improve coercivity of magnetic thin films.  
 
3. Obtained high quality Ba-doped multiferroic BiFeO3 thin films on silicon with the Pt 
buffer by pulsed laser deposition (PLD). Uniform, dense single phase polycrystalline films 
with (1 0 1) preferential orientation were obtained under optimized deposition temperature 
and oxygen pressure. Both ferroelectricity and ferromagnetism of these films were observed 
at room temperature by P–E and M–H loops measurements, respectively. The ME coupling 
properties were demonstrated by the increase in the dielectric constant with the increase in 
the applied magnetic field, giving a coupling coefficient (εr(H)−εr(0))/εr(0) of 1.1% at 






6.2 Future work 
Although we have fabricated several types of oxide films of high quality on silicon and 
investigated systematically the growth mechanism and performance properties of these 
films on silicon, there still many future work for further pursuing, including: 
1. Can our oriented MgO buffer layers serve as templates for other oxide films on silicon 
and obtain films of high quality? 
2. Continue to grow PZT , BiFeO3  or BaTiO3  ferroelectric films on our CoFe2O4/MgO/Si 
multilayer system, which can be an ideal system for the study of magnetoelectric effect. 
3. Investigate the origin of a very large uniaxial magnetic anisotropy field in CoFe2O4 
films which has not been well explained in this thesis. 
4. Try to improve the interface between MgO films and Si(100) substrates for future MOS 
device application. 
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